All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

The uniparental genetic systems have been so far consideredthe clearest markers of past human dispersals, since they allow the reconstruction and dating of molecular radiations on the basis of parsimony \[[@pone.0134646.ref001]\].

Among the two uniparentally inherited portions of the genome, mitochondrial DNA and the male-specific portion of the Y chromosome (MSY), the latter has been so far too large to be scanned for variation among individuals to completion. High throughput methods have been applied for the discovery of large arrays of polymorphic markers with PCR-based methods (see the pioneering work of Underhill et al. \[[@pone.0134646.ref002]\]). Though these, too, were addressed to regions with low-to-null homology with the X chromosome, they relied on the availability of MSY genomic sequence at the time.

Since next generation sequencing (NGS) technologies have become available, a flood of data is emerging for variation at nucleotide level along the MSY. Different methods have been applied in recent works \[[@pone.0134646.ref003]--[@pone.0134646.ref010]\],which provide variable accessibility to different subregions of the chromosome, but all supposedly detect variants in an unbiased way within their respective targeted DNA segments. The results of different studies can be merged by working out a minimal DNA region shared across them, with two main advantages: 1) the presence of each derived variant allele shared by at least two subjects can be cross-checked and 2) a much larger spectrum of lineages can be assembled, allowing the description of the accumulation of variants in a sample of chromosomes as representative of the whole male population as possible. In this context, the composition of the merged datasets further benefits of the inclusion of rare lineages, that might be represented in some studies but not in others, e.g haplogroups (Hg) A-00, D and A0 \[[@pone.0134646.ref004], [@pone.0134646.ref005], [@pone.0134646.ref011]\].

Once the distribution of variants can be regarded as reporting their true emergence and persistence in the population, fundamental questions on the density of variant sites, on mutational processes at the basis of polymorphism and their fluctuations along the chromosome can be approached. The answers are of crucial importance when attempting to arrive at a figure for the substitution rate to be used in the absolute genetic dating of lineages currently observed or retrieved from fossil material by applying a molecular clock concept under strict neutrality. In fact, this requires that mutation and substitution rates could be equated. The recent availability of autosomal, genome-wide estimates of the *de novo* mutation rate \[[@pone.0134646.ref012]--[@pone.0134646.ref014]\] prompted some authors \[[@pone.0134646.ref004], [@pone.0134646.ref011]\] to adopt it as a base to calculate a substitution rate for the Y-chromosome, with due adjustments.This operation is not free of assumptions (thoroughly discussed in the Supplemental text of Scozzari et al.\[[@pone.0134646.ref004]\]) and is currently a subject of vivid debate \[[@pone.0134646.ref015]--[@pone.0134646.ref017]\]. Specifically, there are several unknowns. The first is whether particular genomic features affect the mutational process at the origin of new variants. The second is whether, once appeared, the chance of survival is evenly distributed across nucleotide positions, or if some type of selection (most likely purifying) is operating or has operated pervasively on portions of the Y chromosome. Indeed, a very recent report \[[@pone.0134646.ref018]\] showed that the pedigree-based measure of the MSY point mutation rate is higher than that obtained by transposing the autosomal rate. Also, the same report unveils remarkable variation of the rate at the multi-megabase scale, i.e. among four MSY regions which emerged from different DNA-rearrangement events during long term evolution of the chromosome.

Factors affecting the rate and pattern of the mutational process are being identified for autosomal DNA \[[@pone.0134646.ref019], [@pone.0134646.ref020]\], but the validity of the same relationships for the MSY cannot be taken for granted. In fact the region is free of allelic recombination, a factor repeatedly shown to co-vary with the nucleotide substitution rate \[[@pone.0134646.ref021]--[@pone.0134646.ref023]\]. Additionally the MSY is enriched in intra- and inter-chromosomal segmental duplications, and displays extensive structural rearrangements even in comparison with our closest living relatives, the great apes \[[@pone.0134646.ref024]\]. This limits the applicability of inter-specific comparisons, commonly used for the autosomes since the seminal work by Wolfe et al. \[[@pone.0134646.ref025]\].

In this work, we introduce the use of a robust intra-specific phylogeny to test the regional evenness of the occurrence of mutations and the possible correlates of this phenomenon in a 1.5 Mb portion of the MSY. We explore the distributional pattern of thousands of derived alleles that have persisted in the human population for as much as 300,000 years under widely different environmental conditions. In this way we use the phylogeny as a surrogate for a direct observational study of mutational events in the MSY that could not be otherwise performed. We show significant variations in the occurrence of variable positions at the multi-kilobase scale, with some degree of variation across lineages and time windows represented in the tree. Of utmost importance is that inferences restricted to the diversity of specific subregions may lead to widely discrepant results, replicating previous observations from the X chromosome \[[@pone.0134646.ref026]\]. The use of an appropriate sizing of the experiment and tuning of the parameters used in dating then becomes an essential step to arrive at figures reliable for putting upper and lower time limits to specific population processes. In particular, our findings highlight the need to match high precision (i.e. small fluctuations due to the large number of mutations revealed by NGS) with high accuracy (i.e. fluctuations with reduced systematic bias, due to the use of a rate calibrated for the re-sequenced region) in the estimation of node ages.

Materials and Methods {#sec002}
=====================

The samples {#sec003}
-----------

We report here the results obtained in 104 subjects coming from three different datasets: (1) 68 subjects examined in the same experiment of, but not described in detail in ref.\[[@pone.0134646.ref004]\]; (2) 9 additional males carrying haplogroups relevant for reconstructing the Y-chromosomal phylogeny and sequenced in the present study; (3) 27 unrelated males from the diversity panel of the Complete Genomics company. The affiliation to Y chromosome haplogroup and geographic provenance of all subjects are described in [S1 Table](#pone.0134646.s005){ref-type="supplementary-material"}.

Part of the DNA samples in datasets 1 and 2 were obtained from the Coriell Institute Cell Repository (Camden, New Jersey, USA), the National Laboratory for the Genetics of Israeli Populations (Tel Aviv, Israel), and the Sorenson Molecular Genealogy Foundation (Salt Lake City, Utah), and used in accordance with the conditions specified by the above Institutions. The remaining samples in datasets 1 and 2 are from collections of the authors, assembled in the 1980\'s, 1990\'s and 2000\'s. The original sampling was performed by colleagues and operators at a number of collaborating Institutions. As far as the proposed research did not involve any issue relevant for the donor\'s health, only a subset of the WMA Declaration of Helsinki and COE Oviedo Convention prescriptions were applicable and obeyed. For these reasons written consent was requested in most cases but, in some series collected before 1995, oral consent was considered sufficient and simply recorded in the corresponding log sheets (filed at the collecting Institutions). In all cases the consent included also storage and future use of the sample. Anonymized blood or DNA samples were then received at the authors\' laboratories. The study was prospectively examined and approved by the \"Policlinico Umberto I, Sapienza Università di Roma\" ethical committee (document number 496/13), who expressly considered the list of collaborators, anonymity of samples and the compliance with consent regulations of previous publications which included the same samples.

Sequencing, data quality control and data filtering {#sec004}
---------------------------------------------------

For the 9 subjects sequenced in this study, DNA quality control, library preparation, sequencing and data filtering were as for the 68 samples of dataset (1)\[[@pone.0134646.ref004]\]. Overall 1,495,512 bases of the target region, subdivided into 5,274 baited fragments, were resequenced.

Genotyping results (VCF files) for the genomes of the 27 subjects of dataset (3) were downloaded from the FTP site of the Complete Genomics company ([ftp://ftp2.completegenomics.com/vcf_files/Build37_2.0.0/](http://ftp://ftp2.completegenomics.com/vcf_files/Build37_2.0.0/)). For each VCF file, we extracted single nucleotide substitutions falling within the same 1,495,512 bases mentioned above. For each sample, low quality mutations (FT = VQLow) and/or mutations with allelic depth ≤ 2 were discarded.

After a final check for phylogenetic consistency using all the filtered positions, we removed 3 sites (nucleotide positions: 6670461, 8417317, 19044813), which were recurrent in 4--6 branches of the tree. Two positions (19319427 and 19431990) reported as variant in subject NA12889 but not in his male descendants \[[@pone.0134646.ref005]\] were retained.

We downloaded the alignment.bam files of Ust'-Ishim \[[@pone.0134646.ref027]\] and Loschbour \[[@pone.0134646.ref028]\] genomes from the European Nucleotide Archive (ENA) website under the accession numbers PRJEB6622 and PRJEB6272, respectively. We used samtools and bcftools (versions 1.1) to obtain the.vcf files for the variant positions of the Y chromosome of both genomes. The variants used for subsequent analyses were filtered in two steps: 1) only positions within the 1.5 Mb region sequenced in Scozzari et al. \[[@pone.0134646.ref004]\] were considered and 2) only variants with an "alternative" allele depth higher than the "reference" allele depth were retained. The mean depth for the 1.5 Mb region extracted from the Ust'-Ishim Y chromosome was about 22X, with only 42 bases having depth \<2.For the same 1.5 Mb region extracted from the Loschbour genome,the mean depth was about 11X, with only 3554 bases having depth \<2.

The 1.5 Mb of the Y chromosome analyzed were partitioned in 19 bins of consecutive fragments, each approaching 80 kb (with the exception of the small region chrY:6655516--6673365) of effectively covered bases (col. 7 in [Table 1](#pone.0134646.t001){ref-type="table"}). The number of mutations falling in each bin was calculated and was normalized per 100 kb of effectively sequenced bases.

10.1371/journal.pone.0134646.t001

###### Features of the 5 genomic regions considered in this work, subdivided into 19 bins.

![](pone.0134646.t001){#pone.0134646.t001g}

  Region                                    Bin n.     Initial pos.[^1^](#t001fn001){ref-type="table-fn"}   Final pos.[^1^](#t001fn001){ref-type="table-fn"}   Genomic span   N. of baited fragments   Effectively sequenced bases   Gene content[^2^](#t001fn002){ref-type="table-fn"}   CpG content[^3^](#t001fn003){ref-type="table-fn"}   Replication time score (BG02 cell line)
  ----------------------------------------- ---------- ---------------------------------------------------- -------------------------------------------------- -------------- ------------------------ ----------------------------- ---------------------------------------------------- --------------------------------------------------- -----------------------------------------
  A                                         1          2690918                                              2910156                                            219239         285                      91454                         6.20                                                 1318                                                1.14
  B                                         2          6655517                                              6673365                                            17849          33                       8275                          0                                                    70                                                  -0.30
  C[^4^](#t001fn004){ref-type="table-fn"}   3          7540768                                              7671720                                            130953         289                      79812                         0.56                                                 1028                                                -0.77
  4                                         7671760    7945341                                              273582                                             394            79655                    0.31                          584                                                  -0.87                                               
  5                                         7946953    8156861                                              209909                                             457            79642                    0                             1004                                                 -0.71                                               
  6                                         8156863    8382932                                              226070                                             397            79674                    0                             660                                                  -0.72                                               
  7                                         8383002    8489128                                              106127                                             186            78966                    0                             1090                                                 -0.93                                               
  8                                         8489176    8595654                                              106479                                             147            79820                    0.62                          1222                                                 -0.78                                               
  9                                         8595830    8739563                                              143734                                             257            80846                    0.77                          832                                                  -0.49                                               
  D                                         10         14629906                                             14887780                                           257875         256                      83305                         6.64                                                 1184                                                1.28
  11                                        14888375   15056945                                             168571                                             218            83295                    13.54                         1090                                                 1.46                                                
  12                                        15056995   15436522                                             379528                                             332            82726                    3.52                          710                                                  1.21                                                
  13                                        15436558   15727001                                             290444                                             282            83244                    5.42                          952                                                  0.18                                                
  14                                        15730403   15957784                                             227382                                             291            83106                    2.00                          1292                                                 -0.16                                               
  E                                         15         18553309                                             18714071                                           160763         246                      84781                         0                                                    614                                                 -0.62
  16                                        18714094   18912763                                             198670                                             292            84043                    0                             550                                                  -0.56                                               
  17                                        18912843   19148792                                             235950                                             330            84363                    0                             634                                                  -0.66                                               
  18                                        19148988   19343219                                             194232                                             309            83940                    0                             622                                                  -0.85                                               
  19                                        19343595   19549929                                             206335                                             273            84565                    0                             638                                                  -0.68                                               

1\. GRCh37/hg19 coordinates

2\. as % bases overlapping UCSC genes in the sequenced fragments

3\. as positions residing in CpG\'s in the sequenced fragments

4\. classified as non-palindromic ampliconic in ref. \[[@pone.0134646.ref018]\] with no highly similar paralogues on the Y chromosome

Phylogenetic analysis and dating {#sec005}
--------------------------------

Parsimony analysis of the merged dataset was performed with MEGA \[[@pone.0134646.ref029]\] and NETWORK \[[@pone.0134646.ref030]\]. The.out file produced by this latter program was manipulated in a spreadsheet to directly obtain the assignment of mutations to each of the tree branches.

Absolute dating of tree nodes was obtained with BEAST \[[@pone.0134646.ref031]\]. The input file consisted of the matrix of the individuals\' genotypes at the 3,373 variable positions plus 3 and 8 for private variants of the Ust\'-Ishim and Loschbour specimens, respectively. These were given sampling dates of 45,000 and 7,205 years ago, respectively. An initial run was used to obtain a seeding tree to be used in all subsequent runs. In all runs we used a GTR model for nucleotide substitutions under a strict clock. An expansion model was used for the population size, to appropriately account for the faster recent growth, and rather flat priors were used, i.e. lognormal\[[@pone.0134646.ref010],[@pone.0134646.ref003]\] for the current population size, exp\[0.2\] for the ancestral/current population size ratio and uniform\[0, 0.00133\] for the growth rate/year in the expansion phase, using the upper bound reported in the literature for pre-agricultural cultures \[[@pone.0134646.ref032]--[@pone.0134646.ref034]\]. We used runs of 10 million steps each, sampled every 10,000 steps. The initial 20% of each run was discarded as burn-in and the outputs analyzed with Tracer and Tree Annotator.

Heterogeneity χ^2^and regression tests were performed with R, always excluding the small bin n.2 (18 points).

Extracting information on genomic features {#sec006}
------------------------------------------

Information on the genomic features here considered was retrieved by using the UCSC Table Browser (<http://genome.ucsc.edu/cgi-bin/hgGateway>). In particular, the list of the genomic coordinates for the 5,274 baited fragments was intersected with tracks for UCSC genes, transcribed regions, EST\'s and GC content. The intersection was basewise, to measure the precise percentage of base positions overlapping the above tracks. For GC content and simple repeats we repeated the procedure using, instead, the genomic coordinates (beginning and end) of the 19 bins.

The replication time scores derived from two Embryonic Stem Cells (ESCs) datasets (BG01 and BG02; Chip ID: BG01_UGA_15473002&15707202CGH and 293676i&294988ii_BG02hESC_ave) were downloaded from [http://www.replicationdomain.com](http://www.replicationdomain.com/) \[[@pone.0134646.ref035]\]. Positive values were indicative of early replication and negative values were indicative of replication later during S-phase. The score assigned to each bin was the average of all values extracted for that bin.

Results {#sec007}
=======

Assembling a set of mutations {#sec008}
-----------------------------

A total of 104 male subjects were successfully genotyped at 1,495,512 DNA positions from 5 Y-chromosomal regions (A-E in [Table 1](#pone.0134646.t001){ref-type="table"}) selected to show low-to-null homology with the X chromosome\[[@pone.0134646.ref036], [@pone.0134646.ref037]\] (see Figure 1 in ref. \[[@pone.0134646.ref004]\]).

The sequencing results derive from three independent series of subjects and two different analytical procedures (see [Materials and Methods](#sec002){ref-type="sec"}).

An unrooted maximum parsimony tree based on the observed 3,373 variable sites is depicted in [Fig 1](#pone.0134646.g001){ref-type="fig"}. In general, this tree recapitulates the known Y-chromosomal phylogeny. Features related to the particular composition of our sample of chromosomes, not present or visible in the previously published version \[[@pone.0134646.ref004]\] and not appreciable in other works are highlighted in the [S1 Text](#pone.0134646.s008){ref-type="supplementary-material"}.

![Maximum parsimony tree showing the phyletic relationships of 104 chromosomes.\
The individual Id\'s (as in [S1 Table](#pone.0134646.s005){ref-type="supplementary-material"}) are reported on the right, aligned with the corresponding branch. Clades corresponding to major haplogroups are bracketed or indicated individually at the far right, following the nomenclature of van Oven et al. \[[@pone.0134646.ref064]\](note the difference with ref. \[[@pone.0134646.ref004]\]). Branches are numbered (in italics) and mutations assigned to them are listed in [S2 Table](#pone.0134646.s006){ref-type="supplementary-material"}. Note that the tree is unrooted and variants defining branch 0 are identified solely as different from the reference sequence. The clade corresponding to Hg E1b1b-M35 has been collapsed since it is discussed in detail in a dedicated paper \[[@pone.0134646.ref065]\].](pone.0134646.g001){#pone.0134646.g001}

The parsimony reconstruction inferred 17 (0.50%) positions at each of which 2 independent events generated the same (11) or different (6) derived alleles on different phylogenetic backgrounds, hereafter referred to as recurrent and double hit mutations, respectively ([S2 Table](#pone.0134646.s006){ref-type="supplementary-material"}, col. F). The significantly lower proportion of positions suffering multiple events as compared to a recent study (0.92%) \[[@pone.0134646.ref009]\] can be at least partly explained by the larger number of chromosomes examined therein. Among the 3,373 variable positions, 368 were polymorphic only in the Complete Genomics (CG) subset, 2,664 among the remaining subjects, and 347 in both datasets. The number of positions previously known to be variable and recorded in dbSNP(138) (643/3,373) accounted for a higher percentage (79.5%) among mutations shared by ours and CG\'s datasets than those found in CG only (23.9%) or in our dataset only (10.5%). This depends on the more complete representation of the worldwide diversity in the pooled set, coupled with the higher chance of having captured variation in deep branches in previous studies.

When standardized to the amount of sequence effectively analyzed, we obtained average densities of 225.5 variable positions and 226.7 mutations every 100 kb.

Heterogeneous occurrence of mutations in different genomic blocks and their implications for dating {#sec009}
---------------------------------------------------------------------------------------------------

We first wanted to specifically test the evenness of the occurrence of mutational events between the 5 genomic regions here considered ([Table 1](#pone.0134646.t001){ref-type="table"}). We found a strongly heterogeneous accumulation of variants (χ^2^ = 32.7, df = 4, p = 1.4 × 10^−6^), with more than 230 variants/100 kb in regions C and E but less than 200 variants/100 kb in regions A, B and D. We then proceeded in dissecting this variation. To this aim we subdivided the four largest regions (A, C, D, E, Col. 1, [Table 1](#pone.0134646.t001){ref-type="table"}) in bins, each of approximately 80 kb of effectively sequenced bases, because: 1) the size of all regions approaches an integer multiple of this value; 2) this value could be easily approached by summing up the length of subsequent baited fragments; 3) this value is large enough to ensure that the number of mutations falling within each bin is large, to reduce stochastic fluctuations. The results are reported in [Table 2](#pone.0134646.t002){ref-type="table"}. Over the whole tree, the number of mutational events ranged 150 to 279 per bin (excluding the small bin n. 2), with values that were far from proportionality to the amount of sequenced bases (χ^2^ = 115.5, df = 17, p = 2.2 × 10^−16^). After standardization per sequenced bases, this discrepancy further increased, reaching a two-fold variation (from 181 to 353 mutations/100 kb). Taken at face value, this finding is compatible with both differential propensity to mutational events and/or differential viability of derived alleles in the phylogeny across bins. At any rate, it shows that assuming a uniform substitution rate for different chromosomal regions is simplistic.

10.1371/journal.pone.0134646.t002

###### Distribution of mutational events in 19 bins in total.

![](pone.0134646.t002){#pone.0134646.t002g}

  Region   Bin n.         Effectively sequenced bases   Whole tree (all positions)   Whole tree (CpG\'s)   Whole tree (non-CpG\'s)                                                                                            
  -------- -------------- ----------------------------- ---------------------------- --------------------- ------------------------- ------------- ------------- -------- -------------- ------ ------------- ------- ------- -------------
  A        1              91454                         178                          194.6                 111                       67            20            1441.2   19             1      158           175.3   92      66
  B        2              8275                          15                           181.3                 8                         7             2             845.9    2              0      13            158.4   6       7
  C        3              79812                         199                          249.3                 126                       73            27            1288.0   26             1      172           218.3   100     72
           4              79655                         178                          223.5                 108                       70            20            733.2    17             3      158           199.8   91      67
           5              79642                         147                          184.6                 91                        56            13            1260.6   11             2      134           170.4   80      54
           6              79674                         185                          232.2                 105                       80            18            828.4    16             2      167           211.4   89      78
           7              78966                         279                          353.3                 172                       107           55            1380.3   53             2      224           287.6   119     105
           8              79820                         201                          251.8                 141                       60            29            1530.9   28             1      172           218.8   113     59
           9              80846                         196                          242.4                 123                       73            16            1029.1   16             0      180           225.0   107     73
  D        10             83305                         165                          198.1                 114                       51            19            1421.3   17             2      146           177.8   97      49
           11             83295                         157                          188.5                 98                        59            17            1308.6   16             1      140           170.3   82      58
           12             82726                         150                          181.3                 92                        58            16            858.3    16             0      134           163.4   76      58
           13             83244                         181                          217.4                 121                       60            20            1143.6   18             2      161           195.6   103     58
           14             83106                         169                          203.4                 103                       66            15            1554.6   13             2      154           188.2   90      64
  E        15             84781                         172                          202.9                 106                       66            17            724.2    15             2      155           184.2   91      64
           16             84043                         164                          195.1                 109                       55            19            654.4    18             1      145           173.7   91      54
           17             84363                         252                          298.7                 153                       99            30            751.5    28             2      222           265.1   125     97
           18             83940                         202                          240.6                 133                       69            22            741.0    20             2      180           216.0   113     67
           19             84565                         200                          236.5                 131                       69            21            754.4    18             3      179           213.3   113     66
           Total          1495512                       3390                                               2145                      1245          396                    367            29     2994                  1778    1216
           χ2 (17 d.f.)                                 115.6                                              73.0                      58.2          76.3                   80.4           n.t.   75.8                  37.1    58.2
           P                                            2.20×10^−16^                                       6.63×10^−9^               2.07×10^−6^   1.75×10^−9^            3.31×10^−10^          2.14×10^−9^           0.003   2.05×10^−6^

1\. Mutations at CpG dinucleotides every 100 kb of positions in CpG dinucleotides.

This strongly heterogeneous regional distribution of mutation events predicts that using a phylogeny based on sites drawn from regions with high or low density of variable positions, and applying to them the same substitution rate, will result in grossly over- and under-estimated node ages, respectively. We exemplify this by dating the trees obtained from positions residing in the two regions with the highest and lowest accumulation of variants ([S1 Fig](#pone.0134646.s001){ref-type="supplementary-material"}). While the tree topologies undergo slight changes, due to the reduced number of informative sites, the age of comparable nodes is drastically moved to the past in the case of the region with an increased occurrence of mutations ([S1A Fig](#pone.0134646.s001){ref-type="supplementary-material"}) as compared to the other one ([S1B Fig](#pone.0134646.s001){ref-type="supplementary-material"}). A discussion of the implications of these time shifts is given in [S2 Text](#pone.0134646.s009){ref-type="supplementary-material"}.

Heterogeneity by mutational type and site {#sec010}
-----------------------------------------

We explored the occurrence of mutations in non-CpG and CpG dinucleotides, the latter known to undergo transitional mutations at high rate. Along the whole tree, 2,994 mutations occurred in non-CpG positions, with a density ranging between 173 and 287/100 kb (χ^2^ = 75.8, df = 17, p = 2.1 × 10^−9^). On the other hand, 396 mutations occurred at the C or G position in CpG dinucleotides ([Table 2](#pone.0134646.t002){ref-type="table"}), which comprehensively account for 16,094 bp in the reference sequence. This corresponded to 2,460.5 mutations per 100 kb of positions in CpG\'s, a figure 12.2 fold higher than in non-CpG positions. Also in this case the distribution of mutations at CpG sites across the 19 bins was not proportional to the amount of sequence obtained in each bin (χ^2^ = 76.3, df = 17, p = 1.7 × 10^−9^, [Table 2](#pone.0134646.t002){ref-type="table"}). Overall, we obtained a strong and highly significant (r = 0. 76, p = 0.0003) covariation between the number of mutations at non-CpG per unit sequence and the number of mutations at CpG per available CpG ([S1 Fig](#pone.0134646.s001){ref-type="supplementary-material"}), showing that the scaling-up of the substitution rate at CpG\'s is of similar magnitude across bins.

At non-CpG and CpG sites, transitions outnumbered transversions of factors 1.5 and 12.7, respectively. For non-CpG sites, transversions displayed larger variations across bins than transitions (coefficients of variation = 0.23 and 0.15, respectively).

As to coding variants, when standardized to the total exonic sequence represented in our fragments (33,377 bp), coding variants (76) had a density (227.7/100 kb) comparable to the entire dataset.

Patterns of occurrence of mutations through lineages and time {#sec011}
-------------------------------------------------------------

In order to gain insights on the factors possibly affecting the uneven distribution of mutations across bins, we sectioned the tree both horizontally (considering different haplogroups transmitted through ages) and vertically (considering all haplogroups within different time windows).

When specific haplogroups were considered, we observed six highly significant (p-values range = 0.002--0.027) and two borderline (p \< 0.08) departures from proportionality between the number of mutations and the amount of sequence analyzed ([Table 3](#pone.0134646.t003){ref-type="table"}). The excess of mutations in the region chrY: 8383002--8489128 (bin 7) was reproducible in all haplogroups, whereas the excess in the region chrY: 18912843--19148792 (bin 17) was reproducible in all haplogroups except A0 and A2\'3.

10.1371/journal.pone.0134646.t003

###### Distribution of mutational events in 19 bins, by haplogroup.
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  Reg.   Bin n.                                        Selected haplogroups[^1^](#t003fn001){ref-type="table-fn"} (all mutations)                                                                                                            
  ------ --------------------------------------------- ---------------------------------------------------------------------------- ------ ------- ------ ------- ------ ------- ------ ------- ------ ------- ------ ------- ------ ------- ------
  A      1                                             18                                                                           19.7   16      17.5   9       9.8    27      29.5   30      32.8   43      47.0   28      30.6   3       3.3
  B      2                                             1                                                                            12.1   0       0.0    0       0.0    6       72.5   0       0.0    5       60.4   2       24.2   1       12.1
  C      3                                             23                                                                           28.8   13      16.3   7       8.8    27      33.8   40      50.1   34      42.6   50      62.6   23      28.8
         4                                             20                                                                           25.1   15      18.8   12      15.1   21      26.4   27      33.9   35      43.9   39      49.0   13      16.3
         5                                             23                                                                           28.9   4       5.0    9       11.3   17      21.3   15      18.8   34      42.7   41      51.5   16      20.1
         6                                             18                                                                           22.6   10      12.6   5       6.3    24      30.1   33      41.4   46      57.7   43      54.0   15      18.8
         7                                             32                                                                           40.5   28      35.5   15      19.0   37      46.9   46      58.3   59      74.7   57      72.2   21      26.6
         8                                             31                                                                           38.8   21      26.3   8       10.0   23      28.8   24      30.1   46      57.6   41      51.4   14      17.5
         9                                             20                                                                           24.7   9       11.1   10      12.4   32      39.6   29      35.9   45      55.7   41      50.7   13      16.1
  D      10                                            16                                                                           19.2   18      21.6   4       4.8    22      26.4   27      32.4   39      46.8   30      36.0   10      12.0
         11                                            13                                                                           15.6   12      14.4   7       8.4    33      39.6   22      26.4   31      37.2   37      44.4   15      18.0
         12                                            16                                                                           19.3   13      15.7   6       7.3    27      32.6   23      27.8   30      36.3   29      35.1   12      14.5
         13                                            12                                                                           14.4   13      15.6   3       3.6    30      36.0   29      34.8   45      54.1   43      51.7   10      12.0
         14                                            21                                                                           25.3   14      16.8   12      14.4   23      27.7   25      30.1   37      44.5   34      40.9   13      15.6
  E      15                                            18                                                                           21.2   12      14.2   8       9.4    29      34.2   26      30.7   40      47.2   31      36.6   10      11.8
         16                                            23                                                                           27.4   14      16.7   2       2.4    23      27.4   25      29.7   34      40.5   40      47.6   12      14.3
         17                                            29                                                                           34.4   11      13.0   7       8.3    47      55.7   39      46.2   50      59.3   53      62.8   20      23.7
         18                                            26                                                                           31.0   13      15.5   5       6.0    33      39.3   27      32.2   35      41.7   54      64.3   22      26.2
         19                                            33                                                                           39.0   6       7.1    7       8.3    37      43.8   27      31.9   41      48.5   41      48.5   18      21.3
         Total[^3^](#t003fn003){ref-type="table-fn"}   393                                                                                 242            136            518            514            729            734            261     
         χ2 (17 d.f.)                                  33.3                                                                                38.3           26.3           29.9           33.6           25.8           36.2           32.4    
         P                                             0.010                                                                               0.002          0.069          0.027          0.009          0.079          0.004          0.013   

1\. Nomenclature as in ref. \[[@pone.0134646.ref064]\]

2\. Includes R1

3\. The sum across haplogroups is not 3390 as some Hg\'s are not shown and R1 is also considered in CF

We then asked whether this lack of proportionality followed the same pattern of highs and lows across haplogroups. No evidence for differences among 7 haplogroups (R1 excluded as already included in CF) for the pattern of heterogeneity was obtained by contingency χ^2^ (χ^2^ = 111.3, df = 102, p = 0.25).

Then, we considered four classes of tree branches, corresponding to different time windows (greyed in [Fig 2](#pone.0134646.g002){ref-type="fig"}): very recent branches with a length of 10 mutations or less (approximately equivalent to the last 9.3 ky); recent branches defined as those that coalesce at nodes with an average distance from the tip (rho) of 20 mutations or less; deep African branches lying between the A0-T node and any node older than 68 kya; all other branches, lumped in a group of medium antiquity. Hg A00 was excluded as it crosses all ages and is represented by a single individual. Also in all of these partitions, the regions C and E ([Table 1](#pone.0134646.t001){ref-type="table"}) showed the highest numbers of mutations/100 kb. Non-proportionality as compared to the amount of sequenced positions for each bin was replicated in the four time windows and reached significance for the deep (p = 0.003) and intermediate (p = 2.0 × 10^−11^) branches ([Table 4](#pone.0134646.t004){ref-type="table"}).

![Dated tree including 104 subjects plus the Ust\'-Ishim \[[@pone.0134646.ref027]\] and Loschbour \[[@pone.0134646.ref028]\] specimens (arrowed).\
These latter were used as calibration points, by means of normally distributed priors with means 45,000 and 7,205 years ago, respectively. The 95% C.I.\'s for the age of each node are represented as grey bars. The clade corresponding to Hg E1b1b-M35 has been collapsed since it is discussed in detail in a dedicated paper \[[@pone.0134646.ref065]\]. Groups of branches discussed in the text and in [Table 4](#pone.0134646.t004){ref-type="table"} are shadowed: a) deep branches; b) terminal branches with rho \< = 20; c) terminal branches with length \< = 10 mutations. Note that the positioning of the root is the result of the Bayesian process and not of the assessment of ancestral/derived states in branch 0 based on an outgroup (e.g. the chimpanzee).](pone.0134646.g002){#pone.0134646.g002}

10.1371/journal.pone.0134646.t004

###### Distribution of mutational events in 19 bins, by time windows.

![](pone.0134646.t004){#pone.0134646.t004g}

  Reg.   Bin n.         Deep branches   Intermediate branches   Terminal branches                                  
  ------ -------------- --------------- ----------------------- ------------------- ------- ------- ------ ------- ------
  A      1              16              17.5                    111                 121.4   32      35.0   10      10.9
  B      2              1               12.1                    8                   96.7    4       48.3   1       12.1
  C      3              14              17.5                    126                 157.9   38      47.6   19      23.8
         4              21              26.4                    106                 133.1   31      38.9   10      12.6
         5              9               11.3                    79                  99.2    36      45.2   19      23.9
         6              10              12.6                    117                 146.8   40      50.2   16      20.1
         7              36              45.6                    172                 217.8   41      51.9   21      26.6
         8              21              26.3                    113                 141.6   38      47.6   18      22.6
         9              17              21.0                    117                 144.7   42      52.0   24      29.7
  D      10             19              22.8                    102                 122.4   28      33.6   10      12.0
         11             16              19.2                    99                  118.9   31      37.2   16      19.2
         12             12              14.5                    82                  99.1    38      45.9   24      29.0
         13             19              22.8                    124                 149.0   26      31.2   12      14.4
         14             16              19.3                    88                  105.9   44      52.9   23      27.7
  E      15             17              20.1                    105                 123.8   30      35.4   18      21.2
         16             15              17.8                    90                  107.1   35      41.6   19      22.6
         17             24              28.4                    148                 175.4   47      55.7   19      22.5
         18             23              27.4                    108                 128.7   45      53.6   28      33.4
         19             17              20.1                    111                 131.3   38      44.9   23      27.2
         Total          323                                     2006                        664            330     
         χ2 (17 d.f.)   37.2                                    87.2                        18.9           26.8    
         P              0.003                                   2.0×10^−11^                 0.331          0.061   

Y-chromosomal patterns of occurrence of mutations as a function of genomic features {#sec012}
-----------------------------------------------------------------------------------

We regressed the number of mutations/100kb in each bin against a number of variables that may influence the occurrence of variations ([S3 Table](#pone.0134646.s007){ref-type="supplementary-material"}).

We considered three measures of the expression activity in our DNA segments, i.e. the overlap with exonic and transcribed sequences of UCSC genes, and with EST\'s. The results ([S2 Fig](#pone.0134646.s002){ref-type="supplementary-material"}) showed a weak decreasing trend of variable sites as the occupancy by exonic sequences, genes and EST\'s increased. However, in none of the cases the regression was significant (p-value range = 0.051--0.15). We noticed a highly variable amount of mutations/100 kb in bins with a very low overlap with transcribed sequences, indicating that additional features may add to the variation in the accumulation of variable sites in gene-free regions.

We also considered the GC content in each entire bin ([S2 Fig](#pone.0134646.s002){ref-type="supplementary-material"}) and over the sequenced segments of each bin. In these cases we observed strong positive correlations between the number of mutations/100 kb and the GC content in the whole tree (r = 0.63 and 0.55, p = 0.005 and 0.019, respectively).

We next analysed the occurrence of mutations as a function of the percentage of the genomic span of the bin occupied by simple repeats ([S2 Fig](#pone.0134646.s002){ref-type="supplementary-material"}). In this case we found a positive though not significant positive correlation for the whole tree (p = 0.09).

Finally, we looked at the occurrence of mutations/100 kb as a function of DNA replication time ([S2 Fig](#pone.0134646.s002){ref-type="supplementary-material"}). For both cell lines considered, we observed a relationship (r = -0.42, n.s. and -0.55, p = 0.018) over the whole tree, indicative of higher mutability of late replicating DNA segments, in agreement with previous studies on this relationship \[[@pone.0134646.ref038], [@pone.0134646.ref039]\]. Detailed results of the above analyses in 8 haplogroups are reported in [S3 Table](#pone.0134646.s007){ref-type="supplementary-material"} and commented in [S3 Text](#pone.0134646.s010){ref-type="supplementary-material"}.

Multiple regression against all 7 variables showed good predictability of the number of variants in 16 out of 18 bins (considering the exclusion of bin n. 2). Bins 7 and 17 displayed an higher than predicted density of variants, implying additional unexplored factors contributing to the polymorphism of these chromosomal segments ([S3 Fig](#pone.0134646.s003){ref-type="supplementary-material"}). In order to identify the most relevant variables among those here considered we applied a multiple stepwise regression analysis. The GC percent, amount of simple repeats and replication time were the best predictors for the density of all variants across bins (Multiple R = 0.786; p = 0.003) whereas GC percent and replication time were the best ones for the density of variants at non-CpG sites (Multiple R = 0.739: p = 0.003).

As to different time windows, the occurrence of mutations in bins among the very recent and recent branches was strongly negatively correlated with the content of expressed sequences (5 p-values ranging 0.034--0.003 out of 6 regressions). In the medium and deep branches the same trend was confirmed, with negative though not significant r values. In recent, medium and deep branches positive relationships were observed with GC and simple repeat content and the trend towards more mutations in late replicating DNA segments was confirmed.

Calibrated dating of the tree nodes {#sec013}
-----------------------------------

In order to obtain estimates for the node ages in our tree, we took advantage of the data for the same region here examined extracted from the high coverage sequencing of two precisely dated ancient specimens \[[@pone.0134646.ref027], [@pone.0134646.ref028]\]. The dated tree is displayed in [Fig 2](#pone.0134646.g002){ref-type="fig"} and the relevant aspect of its chronology discussed below. The substitution rate was estimated at 0.716 × 10^−9^/site/year (95% C.I. 0.619--0.815).

Discussion {#sec014}
==========

We present here a collection of mutational events in the MSY inferred from the phylogeny relating104 males re-sequenced at high coverage at about 1.5 Mb.

Our approach of targeted, deep sequencing (50×) ensures that the ascertainment of variants was unbiased over the surveyed DNA segments. These reside in 5 unique regions chosen to reduce to a minimum the inflation of the dataset with mutational events due to mechanisms related to the similarity with the X chromosome such as X-to-Y gene conversion \[[@pone.0134646.ref040]--[@pone.0134646.ref044]\]. The design of our baited fragments selected for sequences devoid of interspersed and simple repeat elements, eliminating uncertainties in the mapping of reads.

We show here that, despite these precautions, the occurrence of variable sites and inferred mutations in the Y-chromosomal phylogeny was quantitatively different along different chromosomal regions, reaching a twofold variation.

The main assumption in studies addressing the history of Y chromosomal diversity is that the markers utilized do not depart significantly from neutrality. Rozen et al. \[[@pone.0134646.ref045]\] used the straightforward approach of considering coding synonymous vs. non-synonymous substitutions, and interpreted the reduced diversity at non-synonymous sites as due to active purifying selection. The regional analysis performed here and the presence of exonic segments in some bins only did not allow the further subdivision of coding variants without substantial sampling fluctuations. Then, we used alternative approaches to assay the possible effects of selection in our dataset. We did not observe a reduction in the density of variable sites per unit of exonic sequence as compared to the rest of sequences. We indeed observed a depletion of variable sites in gene-containing bins but this seems to be a rather non-specific effect. In fact, while the presence of functional DNA segments imposes limits to the accumulation of variable sites, when the occupancy by genes is close to null, the amount of mutations varies more widely, replicating precisely the observations from the X chromosome \[[@pone.0134646.ref026]\]. Also, Wilson Sayres et al. \[[@pone.0134646.ref046]\] concluded that purifying selection on the Y chromosome acts mostly through linkage with sites in the ampliconic region, which was not directly examined here. Finally, we compared recent and deep branches of the tree, expecting the latter to display a stronger dependency of the density of variants on gene content as they were exposed to the action of purifying natural selection for longer times and in large sectors of the population. Our results went in the opposite direction ([S3 Table](#pone.0134646.s007){ref-type="supplementary-material"}). From a demographic perspective, the depletion of variants in gene-regions in recent and terminal branches is at odds with a rapid population growth. In fact, the rapid radiations in some branches of Figs [1](#pone.0134646.g001){ref-type="fig"} and [2](#pone.0134646.g002){ref-type="fig"}, also documented in many studies (e.g. E-M2 in Africa \[[@pone.0134646.ref047]\], R1a in western Eurasia \[[@pone.0134646.ref048], [@pone.0134646.ref049]\] and R1b-M269 in Europe \[[@pone.0134646.ref050], [@pone.0134646.ref051]\]), lead to the expectation of a pattern mimicking relaxed or null selection \[[@pone.0134646.ref052], [@pone.0134646.ref053]\].

We then conclude that purifying selection, if any, was not a force strong enough to severely bias the representation of variation among our chromosomal regions as produced by the mutational process.

Single nucleotide mutations in their context {#sec015}
--------------------------------------------

Our dataset displayed remarkable differences in the pattern of variants observed at non-CpG and CpG sites, in agreement with consolidated observations for the rest of the genome \[[@pone.0134646.ref019], [@pone.0134646.ref020]\]. As far as CpG\'s are concerned, a rate 12.3 fold higher than in non-CpG dinucleotides was obtained among 4,933 *de novo* events ([Table 2](#pone.0134646.t002){ref-type="table"} in ref. \[[@pone.0134646.ref013]\]), a value similar to that obtained from 38 million of fixed differences among three primate species \[[@pone.0134646.ref054]\]. Our results then support the idea that this increase quantitatively impacts the MSY in the same way as autosomes.

We show that at least part of the regional variation in the occurrence of mutations and density of variable sites in the MSY is related to gene, GC and simple repeat content \[[@pone.0134646.ref022], [@pone.0134646.ref055]\] and replication timing \[[@pone.0134646.ref038], [@pone.0134646.ref039]\] with correlations similar to the rest of the genome. As some of the features here considered refer to the entirety of each bin, we conclude that their influx on the fragments directly analysed here is exerted through context effects \[[@pone.0134646.ref054], [@pone.0134646.ref056]\].

We could not test the co-occurrence of closely spaced mutations \[[@pone.0134646.ref021], [@pone.0134646.ref023]\] as the physical distance between our variants is influenced by how our 5,274 fragments are interspersed by non-sequenced (mostly repetitive) DNA stretches. Nevertheless some suggestive examples that this phenomenon could be captured in the phylogeny exist, as we have 31 instances of mutations at \<100 bp from each other in the same branch (also in short ones as branch n. 93).

In summary, we demonstrate that in a nuclear system devoid of recombination the pattern of accumulation of variants follows the same fundamental patterns observed in the autosomes for standing and *de novo* variation. We then conclude that the array of variants reflects almost directly the modes of the mutational process, which in turn results from the overlay of replication-dependent and-independent mechanisms whose final outcome is a nucleotide substitution \[[@pone.0134646.ref019]\].The joint effects of the genome features here examined, plus other yet unidentified ones, result in a strong regional heterogeneity in the density of variants.Under these circumstances a straightforward conclusion is that a given figure for the substitution rate only makes sense if bound to a specific DNA region. Hence, the transfer of an autosomal rate to the MSY (with the due adjustments) can be considered an authorized procedure \[[@pone.0134646.ref004], [@pone.0134646.ref011]\], but only as a first approximation, as far as the autosomal rate results from a summation over genomic regions not necessarily equally represented on the MSY. For example, the highly mutable CpG dinucleotides amount to 1.08% in our regions as compared to the autosomal 1.85% \[[@pone.0134646.ref013]\].

Narrowing onto a specific regional rate {#sec016}
---------------------------------------

In a previous study, we adopted a figure of 0.64 × 10^−9^/site/year (equivalent to one event every 1,045 years over our amount of sequence) for the \"basal\" substitution rate in our 1.5 Mb region, obtained by transposing the *de novo* autosomal rate. This procedure needed to take into account the male:female mutation ratio. As a matter of fact the above value, coincident with that by Mendez et al. \[[@pone.0134646.ref011]\], remained in the lower half of the range currently proposed (0.53--1.0 × 10^−9^) \[[@pone.0134646.ref057]\].

By putting two ancient specimens sequenced at high coverage in the context of 104 present-day chromosomes representative of a large portion of extant diversity we now revise our estimate and propose a substitution rate of 0.716 × 10^−9^/site/year (95% interval 0.619--0.815) to be specifically used for the 1.5Mb region here examined. We observe that this value, too, is lower than any of those recently estimated on deeply rooted pedigrees \[[@pone.0134646.ref018]\] for four large regions of the MSY, one of which (XDG, X-degenerate region) embracing most of our sequences. We consider this residual discrepancy worth of further investigation but not surprising for at least two reasons. First, the regions here examined are not the same as in Helgason et al.\'s study, and thus it is not unexpected that differences can emerge in the estimated mutation rate between the two studies. In this context, internal regional heterogeneity of rates at the same scale here examined can hardly be tested in pedigrees, due to paucity of mutational events. Second, the observation of a reduction of the evolutionary effective rate as compared to the pedigree-based one is well established for both uniparentally inherited portions of the genome \[[@pone.0134646.ref058], [@pone.0134646.ref059]\].

Additionally, we observed a remarkable heterogeneity in the distribution of variants, not only across different regions, but also across lineages and different times. Hg A00 stands out for showing strong associations with almost all genomic features considered. In the rest of the tree Hg\'s A0, A1a, A2\'3 and B differ from Hg\'s DE, FC and R, and ancient branches differ from recent ones. The two levels are not entirely independent, as far as recent branches are enriched in lineages belonging to Hg\'s DE and R. It is possible that different social habits, lifestyles and environmental conditions experienced by populations harbouring different haplogroups resulted in systematic variations of the generation time and average paternal age at conception \[[@pone.0134646.ref008]\]. These have been suggested to affect differentially replication-dependent and non-dependent mutations, altering their relative proportions \[[@pone.0134646.ref009], [@pone.0134646.ref019]\].

Implications of the region specific rate for recent human evolution {#sec017}
-------------------------------------------------------------------

The rate reported above resulted in revised values for the estimated dates of nodes relevant to the genetic history in and outside Africa ([Fig 2](#pone.0134646.g002){ref-type="fig"}). For most directly comparable nodes our dates displayed a very good general agreement with those obtained in a recent report which also used an evolutionary-based rate for the entire XDG \[[@pone.0134646.ref008]\]. It is worth stressing that these authors used a figure of 0.74 × 10^−9^/site/year obtained from the regions of overlap with genomic sequences of two ancient specimens other than those examined here.

In particular, the two deepest nodes of the tree highlight the survival, in Central-Western Africa of lineages whose coalescence (291 ky, 95% C.I. 253--343) predates the emergence of anatomically modern features in the fossil record. Two nodes informative to set the lower bound for the exit Out of Africa are dated 69 kya (DE, 95% C.I. 59--79) and 72 kya (CF, 95% C.I. 63--83), somewhat converging towards dates derived from the mtDNA \[[@pone.0134646.ref060]\]. The Ust\'-Ishim specimen is 4 mutations (7690182, 15272472, 18787745 and 19036418) downstream to the node basal to Hg K(xLT). As one of these mutations is shared with the N subject NA18558, Ust\'-Ishim lies onto the NO lineage. These two lineages coalesce at 48.3 kya (95% C.I. 45.6--52.3). The assignment of the Loschbour to the I2-P37.2 branch is confirmed \[[@pone.0134646.ref028]\], with 8 private variants, and a coalescence with the other I2-P37 chromosome examined here at 13 kya (95% C.I. 9.8--16.0).

Overall, nodes basal to lineages which showed rapid radiations in Europe, reminiscent of a fast population growth, display dates closely matching the alleged introduction of the Neolithic cultural package \[[@pone.0134646.ref061]\]. The node basal to the starlike radiation involving a subset of R1b1-M269 chromosomes is estimated at 7.2 kya (95% C.I. 5.7--9.0). Two I2-M26 chromosomes coalesce at 7.0 kya, (95% C.I. 4.2--10.5) a date in line in an archaeologically documented expansion in Sardinia, where this lineage is prevalent \[[@pone.0134646.ref006]\]. The node basal to R1a is estimated at 8.5 kya (95% C.I. 6.2--11.1), with a date of 6.7 kya (95% C.I. 4.6--8.9) for the European branch and an age of 3.8 kya (95% C.I. 2.3--5.8) for the M458 subclade. This interval is compatible with the period of the massive migration from the Steppe-Pontic region \[[@pone.0134646.ref062], [@pone.0134646.ref063]\] to Eastern Europe, where M458 is mainly distributed today \[[@pone.0134646.ref049]\].

Conclusion {#sec018}
==========

The present study reveals that knowledge on the regional variation in the propensity to accumulate mutations should become a prerequisite in any study aimed at genetic dating of the MSY phylogeny. The evolutionary-based rate worked out here served to improve accuracy in the estimation of central points of node ages. Our results may imply that rates obtained as averages over large genomic regions perhaps have smaller confidence intervals, but not necessarily centered on the value appropriate for a particular subregion. We look forward for a finer modulation and the use of varied rates instead of the simple scaling-up or down of a single figure for all chromosomal regions and sites.

Supporting Information {#sec019}
======================

###### Results of dating for phylogenetic trees obtained with variable positions located in bins 3--9 (A) and 10--14 (B) with an unique substitution rate (0.716 × 10^−9^/site/year).

Ages are in ky before present. CI are represented as blue bars.
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###### Occurrence of mutations at positions within CpG dinucleotides as a function of occurrence of mutations at non-CpG positions over the whole tree in 18 out of 19 Y-chromosomal bins.

(PPTX)
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Click here for additional data file.

###### Occurrence of mutations per 100 kb of sequenced DNA in 18 out of 19 Y-chromosomal bins as a function of occupancy by genes (A), genic transcribed regions (B), EST\'s (C), GC content of the whole bin (D), simple repeat content in the bin (E) and average replication time score (see [Materials and Methods](#sec002){ref-type="sec"}); open squares = cell line BG01, filled squares = cell line BG02, the two regression lines closely overlap (F).

(PPTX)
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###### Comparison between observed values (dots) of the density of variants in 19 bins and predicted values (solid lines) based on multiple regression against 7 variables describing genomic features.
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###### List of individuals entered in the study and their haplogroup assignment (in the same order of [Fig 1](#pone.0134646.g001){ref-type="fig"}, top to bottom).
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###### List of mutations and their assignment to the branches of the tree depicted in [Fig 1](#pone.0134646.g001){ref-type="fig"}.
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###### Parameters of the correlations between measures of genomic features (rows) and number of mutations/100 kb in different subsections of the tree (columns).
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###### Noteworthy features in the tree of [Fig 1](#pone.0134646.g001){ref-type="fig"}.
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###### Main discrepancies in the tree chronology when using genomic subregions with high and low accumulation of variants.
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###### Correlations between number of variants and genomic features of 18 sequence bins across 8 main haplogroups.
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